3. MONITORING AQUIFER RESTORATION

3.1 INTRODUCTION

The chdlenge of aquifer restoration is presented in Chapter 1. Restoration P& T design will typicaly
reflect a compromise between objectives that seek to: (1) reduce contaminant concentrations to clean-up
gandards, (2) maximize contaminant mass removal, (3) minimize clean-up time, and (4) minimize cost. At many
gtes, P& T systemns cannot be relied upon to reduce ground-water contaminant concentrations to comply with
clean-up standards within a short time frame. Aquifer restoration efforts are made more difficult by
concentration tailing and rebound caused by NAPL dissolution, contaminant desorption, precipitate dissolution,
ground-water velocity variations, and/or matrix diffuson (Section 1.2). Consequently, P& T for aquifer
restoration requires a high degree of performance monitoring and management to identify problem areas and
improve system operation.

Hydraulic containment generdly is a prerequisite for aquifer restoration. Reference, therefore, should be
made to discussions of hydraulic containment design, monitoring, and management in Chapter 2. This chapter
focuses on managing and monitoring P& T technology to clean up ground water in the containment arealvolume,
Statidica analysis of monitoring datais discussed in Chapter 4.

3.2 PERFORMANCE MEASUREMENTSAND INTERPRETATION

Various restoration performance criteria are described in this section. These criteriaare monitored to
determineif the P& T system is functioning as designed and to provide guidance for system optimization.
Performance is monitored by measuring hydraulic heads and gradients, ground-water flow directions and rates,
pumping rates, pumped water qudity, contaminant distributions in ground water and porous media, and,
possibly, tracer movement.

3.2.1 Hydraulic Containment

Hydraulic containment is adesign objective of nearly dl restoration P& T systems. That is, the plumeis
contained to prevent further spread during restoration efforts. In addition, as shown in Figure 1.2, for some
ground-water contamination problems, restoration and containment are used for different sections of the
aquifer. Refer to Chapter 2 for guidance on hydraulic containment performance monitoring.

3.2.2 Managing Ground-Water Flow

Regtoration P& T ground-water flow management typicaly involves optimizing well locations, depths,
and injection/extraction rates to maintain an effective hydraulic sveep through the contamination zone, minimize
stagnation zones, and flush pore volumes through the systlem. Wdls areingtaled in lines or five-gpot patterns to
enhance hydraulic flushing efficiency; drains are ingdled to effect line sweeps. In the following sections, various
agpects of ground-water flow management are discussed including
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(1) pore volume flushing, (2) stagnation zone contral, (3) pulsed pumping, and (4) pumping in the presence of
NAPL.

3.2.2.1 PoreVolume Flushing

Regtoration requires that sufficient ground water be flushed through the contaminated zone to remove
both existing dissolved contaminants and those that will continue to desorb from porous media, dissolve from
precipitates or NAPL, and/or diffuse from low permesbility zones until the sum of these processes and dilution
inthe flow fidd yidds persstent acceptable ground-water quality a compliance point locations.

The volume of ground water within a contamination plume is known as the pore volume (PV), which is
defined as

PV =*, bndA (3-1)

where b is the plume thickness, n is the formation porosity, and A is the area of the plume. If the thicknessis
relatively uniform, then

PV =BnA (3-2)

where B is the average thickness of the plume.

The number of pore volumes (NPV) which must be extracted for restoretion is a function of the
clean-up standard, theinitia contaminant distribution, and the chemical/media complexities discussaed in Section
1.2. Egtimates of the NPV required for clean up can be made by modding andlysis and by assessing the trend
of contaminant concentration versus the NPV removed. At many sites, many PVs (eg., 10 to 100) will haveto
be flushed through the contamination zone to attain clean-up standards.

The NPV withdrawn per year is a useful measure of the aggressveness of aP& T operdtion. It is
calculated as

NPV,, = Q,/PV (3-3)

where Q,, isthe total annua pumping rate. Systems are typically designed to remove between 0.3 and 2.0 PV's
annudly. Low permesbility conditions or competing uses for ground water may restrict the ability to pump at
higher rates. Additiondly, kinetic limitations to mass trandfer (Figure 1-7) may diminish the benefit of higher
pumping rates. If limiting factors are not present, pumping rates may be increased to improve P& T
performance.
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Water flushing will be limited to infiltration rates where P& T operation has dewatered contaminated
media. As aresult, dissolved contaminant concentrations may rebound as the water table rises when pumping is
reduced or terminated. Water can be injected or infiltrated to both minimize this potentia problem and increase
the rate of flushing. Where injection is not feasible, soil vapor extraction or other vadose zone remedia
measures might be needed to remove contaminant mass above the water table.

Wherethe P& T design is gppropriate, but concentration reduction is very dow, monitoring data
should be evaluated to determine if it is technically impracticable to meet remedid action objectives (Section
3.4). In order to demongtrate technica impracticability, it must be shown that poor or ingppropriate remedia
design is not responsible for tailing. Additiond information on technica impracticability is provided in U.S. EPA,
1993.

Poor design factors include low pumping rates and improper location of pump wells and completion
depths. A smple check on the total pumping rate is to calculate the NPV,,. Inadequate location or completion
of pump wells (or drains) may lead to poor P& T performance even if the tota pumping rate is appropriate. For
example, wells placed at the containment area perimeter may withdraw a large volume of clean ground water
from beyond the plume viaflowlines that do not flush the contaminated zone. Smilarly, pumping from the entire
thickness of aformation in which the contamination is limited vertically will reduce the fraction of Q, that flushes
the contaminated zone. In generd, restoration pump wells or drains should be placed in aress of rdlatively high
contaminant concentration.

Wil placement can be evauated by: (1) applying expert knowledge linked to a proper conceptua
model of the hydrogeologic system and contaminant distribution; (2) comparing contaminant mass removed to
contaminant mass dissolved in ground water; and (3) using ground-water flow and transport modds. P& T
system modifications should be conddered if any of these methods indicate that different pumping locations or
rates will improve system effectiveness.

3.2.2.2 Minimize Ground-Water Stagnation

Ground-water flow patterns need to be managed to minimize stagnation zones during P& T operation.
Stagnation zones develop in areas where the P& T operation affects low hydraulic gradients (e.g., downgradient
of apump wel and upgradient of an injection well) and in low permegbility zones regardiess of hydraulic
gradient. Stagnation zones caused by low hydraulic gradients can be identified by measuring hydraulic gradients,
tracer movement, ground-water flow rates (e.g., with a downhole flowmeter), and by modeling andyss. Low
permeability heterogeneities should be ddlineated as practicable during the Site characterization study and during
ongoing P& T operation. How modeling results can be used to generate either Darcy or interdtitial velocities.
These can then be contoured or used with particle tracking to help identify and locate potentid stagnation
zones. Examples of stlagnation zones associated with different pumping schemes smulated by a ground-water
model are given in Figure 3-1, and the didtribution of potentid stagnation zones at a complex fied Steis shown
in Figure 3-2.
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Word-searchable version - Not atrue copy

42



Legend
~—3 Ground water flow line <!
e

(® Extraction location \

i Areas of potential ground |9
water stagnation

o Total VOC (ppb) isocon-
A centration contour, dashed W
N
where inferred - 109 : /

Scale : Feot ~— | .

0 500 1000 A0
All wells within VOC plumes are L §
contoured without regard to depth | 4 '§i o
T T f\ £ 2
H \ o
{ I i 1 /4\’\ 8 g
Rhonewood Subdivision Si v
SIS -
Ay 20 (2}
L
i O
™.
e
AR
..... .
East Avenue

Figure3-2. Conceptualized ground-water flow patterns and stagnation zones superimposed on a total VOC
isoconcentration contour map at the Lawrence Livermore National Laboratory sitein
California (from Hoffman, 1993).

Once identified, the size, magnitude, and duration of stagnation zones can be diminished by changing
pumping (extraction and/or injection) schedules, locations, and rates. Again, flow modeling based on field deata
may be used to estimate optimum pumping locations and rates to limit ground-water stagnation. An adaptive
pumping scheme, whereby extraction/injection pumping is modified based on analyss of field data, should result
in more expedient cleanup (Figure 3-3).

3.2.2.3 Pulsed Pumping

Pulsed pumping can be used to increase the ratio of contaminant mass removed to pumped
ground-water volume where mass transfer limitations restrict dissolved contaminant concentrations (Figure
1-7). The concept of pulsed pumping isillustrated in Figure 3-4. Dissolved contaminant concentrations increase
due to diffusion, desorption, and dissolution in dower-moving ground water during the resting phase of pulsed
pumping. Once pumping is resumed, ground water with higher concentrations of contaminants is removed, thus
increasing mass remova during pumping. Pulsed pumping may aso help remediate stagnation zones by cycling
certain well schemes and dtering flow paths. Detailed information can be obtained from Kedly, 1989.

Pulsed pumping schedules can be developed based on highly monitored pilot tests, modeling andlys's,
or ongoing performance monitoring of hydraulic heads and contaminant concentrations. Specid care must be
taken to ensure that the hydraulic containment objective is met during pump rest periods.
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Figure 3-3. Adaptive modificationsto P& T design and operation can reduce clean-up time (from Hoffman,
1993).

3.2.2.4 Containthe NAPL Zone

Subsurface NAPL can be along-term source of ground-water contamination (Figure 1-5) dueto: (1)
its low agueous solubility (that may greeatly exceed clean-up standards); and, (2) the inability to remove dl
NAPL that istrapped at residua saturation by capillary forces and in dead-end pores. The mixed
containment-restoration strategy shown in Figure 1-2 should be used to contain the NAPL zone and prevent
NAPL migration (that may, perhaps, be induced by pumping) into the P& T restoration area. Within the NAPL
Zone, pumping may be used to reduce NAPL mobility by lowering NAPL saturation to resdua. An overview
of NAPL pumping techniques is provided by Mercer and Cohen (1990).

3.2.3 Contaminant Monitoring

Samples of ground water taken from wells, soil (or rock) from borings in the contaminated zone, and
trestment plant influent and effluent should be analyzed periodicaly for contaminant presence to monitor
restoration P& T performance. Sampling locations and frequencies depend on the distribution of ground-water
and contaminant flow velocities within the study area. Mathematical models can be used to help determine
gppropriate locations and schedules for sampling ground water and formation solids. Trestment plant influent
and effluent are generdly analyzed on ardatively frequent bass to ensure proper trestment system
performance. The degree of monitoring should increase with Ste complexity. Various contaminant monitoring
congderations are discussed below. Additiond relevant information is provided in Chapter 2.
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Figure 3-4. The pulsed pumping concept (modified from Keely, 1989).

3.2.3.1 Ground-Water Sampling and Analysis

Ground-water sampling is performed to monitor changes in the contaminant concentration and
digtribution during remediation. As described in Section 2.2.6, ground-water samples taken from beyond the
restoration area are anayzed to assess hydraulic containment. For restoration P& T, samples should aso be
taken from dl pump wells and selected observation wells within the contaminant plume to interpret clean-up
progress. An example of arestoration monitoring well network is shown in Figure 3-5. The number of
observation wells a which samples are taken (in addition to al pump wells) and sampling frequency depends
on site-specific conditions and cost-benefit trade-offs (Section 2.7). In generd, greater sampling density and
frequency alows for more adaptive and effective P& T remediation (Figure 3-3). Turning off pumping wells that
produce clean water or do not significantly contribute to hydraulic containment alows greater resources to be
dlocated to more highly contaminated zones.

Parameters andlyzed should include: (1) the chemicals of concern (or indicator chemicas), (2)
chemicalsthat could affect the treetment system (such as iron which may precipitate and clog trestment units if
ground water is aerated), and (3) chemicals that may indicate the occurrence of other processes of interest
(e.g., dissolved oxygen, carbon dioxide, nutrients, and degradation products, where biodegradation is
consdered). As described in Section 2.2.6, rdatively detailed analyses should be performed during the early
phase of P& T and sampling frequency should account for probable contaminant velocities.

Background wells located upgradient or cross-gradient of contaminated ground water should be

monitored to indicate if contaminants have migrated beyond the containment zone (e.g., as might occur where
injected water drives contaminated ground water outward). These wells should also be monitored
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to detect offste contamination that may be confused with ongte data. Additiona guidance on monitoring
ground-water quality beyond the restoration areais given in Section 2.2.6.

Increasing or decreasing contaminant concentration trends in individua wells may not directly reflect
overdl clean-up performance. A heterogeneous initial contaminant distribution and flow pattern changes caused
by pumping will result in different portions of the restoration area becoming more or less contaminated with
system operation (e.g., Figure 3-6). For example, contaminant concentrations in restoration pump wells near
the plume perimeter will generaly decrease quickly as clean water from beyond the perimeter flows inward to
these wells. Conversely, concentrations may increase at locations adong the flowpath of highly contaminated
ground water to pumped wells.

Projections of concentration trends from individua wells can be used to assess clean-up times. The
firg indication of contaminant tailing is usudly reveded by concentration histories of individua wells. The
dtatistica methods discussed in Chapter 4 can be applied to evauate trends and test for an asymptote (near
zero-dope) on an individua well basis. In many cases, individua well results will show contradictory trends due
to plume movement and/or detidticd errors associated with sampling and analysis. The difficulty with variable
projections from individud wells can partidly be overcome by evauating the totd restoration P& T performance
as described in Sections 3.2.3.3 and 3.2.4.
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Figure3-6. Simulated trends of VOC concentration in ground water pumped from ten extraction wells
during a P& T operation.
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3.2.3.2 Sampling Aquifer Material

Periodic sampling and chemica andysis of aguifer materids from representative locations in the
contamination zone provides ameasure of contaminant remova during P& T operation. The heterogeneous
digribution of subsurface materids, including contaminants, must be consdered when determining sampling
requirements, selecting sample locations, and interpreting contaminant mass data. Unfortunately, high costs will
usudly preclude acquiring sufficient data to reliably estimate the magnitude of trends when dealing with sorbed
and resdud phase contaminants. At most sites, it will be preferable to andyze soil samples from many locations
infrequently (e.g., a intervas needed to sweep at least two PV s through aformation) than to andyze fewer
samples more frequently. Even where mass-in-place cannot be reliably estimated, a consistency check can be
performed by comparing contaminant mass data with other P& T monitoring data

Measuring naturd organic carbon content in the formation can aso provide useful information for
estimating sorption of hydrophobic contaminants (see Section 1.2). Determining natura total organic carbon,
however, is confounded where the porous media are contaminated with anthropogenic organic contaminants.
Methods and considerations for collecting total organic carbon data are provided by Powell (1990).
Retardation of hydrophobic contaminants migrating toward recovery wells and desorption of hydrophobic
contaminants from organic carbon can greetly extend the time required for aquifer restoration using P& T (see
Section 3.3).

3.2.3.3 Treatment System Influent and Effluent

Sampling and andysis of treetment system influent and effluent must be performed regularly to assess
(1) trestment, system performance, (2) changesin influent chemigtry that may affect trestment effectiveness, and
(3) dissolved contaminant concentration trends. The performance of individua trestment units within a trestment
train (eg., where water is pumped through a clarifier to remove meta hydroxides, and then into an air stripper
followed by an activated carbon filter to remove VOCs) are smilarly monitored by periodic analyss of samples
taken between units. Such monitoring will provide data necessary to: (1) estimate total mass removed from
system, individua trestment unit loadings, and estimated breskthrough times; (2) document compliance with
discharge requirements; and (3) identify the need to modify, replace, or regenerate system components.
Trestment system monitoring criteria should be specified in the O&M manua (Section 2.4).

The concentration of influent to the trestment plant can be plotted versus time to evauate the trend of
ground-water cleanup. Careful consderation, however, must be given to the contaminant distribution and
ground-water flow patterns to the pump wells when interpreting this data. A variation of this analyssinvolves
computing the trend of contaminant concentration versus the NPV extracted, rather than concentration versus
time. This gpproach accounts for varigions in pumping rates. A limitation of focusing on trestment plant influent
dataisthat it may not be representative of clean-up progress throughout the plume.
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3.24 Restoration Measurement Frequency Summary

The hydraulic heed and chemica sampling frequency recommendations for containment discussed in
Sections 2.2.1.4 and 2.2.6.3 apply to restoration P& T. Some additiona aspects of measurement frequency,
however, need to be considered for restoration monitoring. As described above, detennining the frequency and
densty of sampling for chemica analysis depends on Site-gpecific conditions (including the ditribution of
contaminant velocities and pore volume sweep rates induced by P& T operation) and cost-benefit trade-offs.
Adaptive modification of pumping locations and rates means that it may aso be beneficid to revise sampling
locations and frequency.

Minimum restoration measurement frequencies cannot be reasonably specified due to the Site-specific
nature of P& T remediation. Typica measurement frequencies, however, include: (1) daily to monthly andyses
of contaminant concentrations (or indicator parameters) in treetment system influent and effluent; (2) monthly to
yearly andyss of contaminant concentrations in ground water sampled from al pump wells and specified
observation wells, (3) infrequent andlyses of aguifer solids (e.g., at intervas needed to sweep at least two PV's
through a formation volume); (4) weekly to monthly hydraulic head surveys to monitor flow directions and
rates, (5) continuous (using flowmeters) to weekly monitoring of individua well pumping rates, and, (6)
continuous flowmeter measurement of the combined inflow to trestment units.

3.2.5 Evaluating Contaminant Concentration and Distribution Trends

Contaminant distribution trends in ground water and aguifer materials should be examined to assess
restoration progress. Performance measures based on concentration decreases are discussed in Chapter 4.
Other performance measures are based on mass remova rates and contaminant mass-in-place trends.
Specificaly, theseinclude: (1) the rate of contaminant mass removed by pumping (masslyear); (2) the rate of
reduction of contaminant mass-in-place (masslyear); and (3) the rate of reduction of the volume of aquifer
contaminated above MCLs or other standards (volumelyear). A determination of contaminant mass-in-place,
both dissolved and tota, is necessary to apply these performance criteria

3.2.5.1 Estimating Contaminant M ass-in-Place

A meaningful andysis of P& T performance can be obtained by comparing the contaminant mass
removed versus dissolved contaminant mass-in-place. The dissolved mass-in-place (M) of a contaminant a a
gpedific imeis given by:

Mw =*a nC,b dxdy (3-4)

where n is the formation porosty, C,, is the dissolved contaminant concentration, b is the plume thickness, and
A isareaof the plume.
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The total contaminant mass-in-place (M) in the saturated zone, discounting NAPL presence, is more
difficult to estimate than dissolved contaminant mass-in-place because of the additiond data requirements. M+
can be estimated based on chemical analyses of ground water and solid samples as:

M+ =ma (nC,, + r , C)b dxdy (3-5)

where C; is contaminant concentration in the solid media, and P, is the formation bulk dengty. Alternatively,
M- can be approximated using the partition coefficient, K, (See Section 1.2), as.

M+=ma (nC,, + r , C,,)b dxdy (3-6)

Determining mass-in-place prior to and during remediation is frequently complicated by a paucity of
available data, particularly with regard to estimating K and Cg distributions, and therefore, M. The presence
of NAPL can dso confound gpplication of mass-in-place performance measures. Where present, NAPLs will
usudly account for a dominant portion of the M+, but estimation of NAPL mass is subject to avery high level
of uncertainty. If undetected, NAPL presence may cause misinterpretation of mass removed versus
mass-in-place trends.

Determining mass-in-place necessitates defining the “plume’. Thisis generdly not sraightforward
because it involves interpolating sparse data to develop a continuous plume distribution. There are severd
means to interpol ate sparse data (Jones et d., 1986), including hand contouring which takes into account the
experience, knowledge, and bias of the individua performing the contouring.

Computer software packages are used to contour large amounts of data (Hamilton and Jones, 1992).
To determine mass-in-place, interpolation is usudly performed on contaminant concentration vaues or the
logarithm of these values. It is especidly important that alog transformation be made for “ spiked” plumesto
improve data fitting without Sgnificant loss of pesk vaues. Ground-water quality analyses a contamination Sites
determine “detect” and “non-detect” values. Whereas sgnificant detects are the basis for interpolation, the
non-detects pose problems. Although non-detect sample locations may clearly indicate the outermost possible
extent of the plume, it is often difficult to delineste the true extent of contamination. Additiondly there are often
aress lacking any data. In these areas, the contouring packages are unbounded and may extrapolate data
poorly. It may be necessary to provide boundary clarification with “dummy” zero concentration points.

Even computer-based contouring is subjective in that different contouring methods produce different
results. Most applications are based on contouring two-dimensiond isopleths, athough contouring of
three-dimensiona isoplethsis possible. Numerous contouring software products, many of which were
developed in the mining, petroleum and civil engineering fidds, are available commerciadly. Contouring routines
are dso incorporated as modules of Geographica Information Systems.
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Severd interpolation techniques are available for estimating mass-in-place including:

. Graphica methods based on contoured concentration data (e.g., inverse distance raised to a
power of 2, 4, 6, or higher);

. Kriging (universal and unique variograms); and
. Triangulated Irregular Network (TIN).
A brief introduction to these methods follows.

The graphicad method involves caculaing the mass within each interva of a concentration contour map
by measuring the interval area and multiplying it by the plume thickness, porosity, and contour concentration (or
mean of the contour vaues bounding the intervd areq). This method cannot easly account for nonuniform
porogity or plume thickness. Kriging is an advanced geodtatistica technique that potentialy can provide the best
estimate of mass-in-place. Kriging, however, requires considerable experience for proper application. The TIN
method is asmple numericd integration goproach commonly used to estimate volumes in civil engineering
gpplications. The procedure involves determining the optimum network of triangles to connect monitor and
extraction wells and then evauating a mass-in-place equation (such as 3-4) for each triangle. Different
numerica gpproximations are obtained using different interpolation functions. Appendix A is the documentation
of aTIN computer program that assumes linear interpolation over the triangle area. The program isincluded on
acomputer disk with this document. The TIN method can account for nonuniform plume thickness and

porosity.

3.2.5.2 Determining Rate of Contaminant Mass Removal

The rate of contaminant mass remova (Mg;) can be determined by sampling trestment plant influent for
the congtituents of concern and then multiplying the dissolved concentration (C,;) of contaminant (i) by the total
flow rate (Qr):

Mg =Q; C; (3-7

This estimate can be compared to a calculation of Mg; using data collected at each extraction wdll (j):

My = 3. q;Cy; (3-8)

where n isthe number of extraction wells, g isthe pumping rate of well (j), and C,; isthe dissolved
concentration of contaminant (i) pumped from well (j). These two estimates of mass remova rate should be
comparable, but not necessarily identical, dueto (1) variability of andyticd results and (2) differencein the sum
of individua well flow measurements and the measurement of trestment plant inflow.
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3.2.5.3 Comparing Mass Removal and Mass-in-Place Trends

Restoration progress can be assessed by comparing the rate of contaminant mass removal (e.g., plotted
as cumulative mass removed) to the dissolved and/or total contaminant mass-in-place. If the rate of contaminant
mass extracted gpproximates the rate of dissolved mass-in-place reduction, then the contaminants removed by
pumping are primarily derived from the dissolved phase. Thisisillustrated for trichloroethene in Figure 3-7,
which shows mass removed as a mirror image of mass-in-place. Conversely, a contaminant source is indicated
where the mass removal rate greatly exceeds the rate of dissolved mass-in-place reduction. The source may be
NAPLSs, contaminants sorbed to formation solids, an uncontained disposa area, or dissolved contaminants
diffusing from low-permesbility strata. Site hydrogeology and contaminant properties should be evaluated to
determine if source remova and/or containment, and/or system modifications could improve P& T performance.

The time needed to remove dissolved contaminants can be projected by extrapolating the trend of the
mass removal rate curve or the cumulative mass removed curve. If the mass removd trend indicates a
sgnificantly greater clean-up duration than estimated origindly, the conceptuad modd of contaminant didtribution
may need to be reevauated, and system modifications may be necessary. The effect (or lack of effect) of P& T
system modifications will be evidenced by the continuing mass remova rate and cumulative mass removed
trends.

Progressinferred from mass remova rates can be mideading, however, where NAPL and sorbed
contaminants are present (e.g., the mass removed will exceed theinitid estimate of dissolved mass-in-place).
Interpretation suffers from the high degree of uncertainty associated with estimating NAPL or sorbed
contaminant mass-in-place. Sabilization of dissolved contaminant concentrations while mass remova continues
isan indication of NAPL or solid phase contaminant presence. Methods for evaluating the potentia presence of
NAPL are provided by Cohen and Mercer (1993), Feenstra et a. (1991), and Newell and Ross (1992).

Mass removal rates are aso subject to misinterpretation where dissolved contaminant concentrations
decline rgpidly dueto: (1) masstransfer rate limitations to desorption, NAPL or precipitate dissolution, or
matrix diffuson; (2) dewatering aportion or al of the contaminated zone; (3) dilution of contaminated ground
water with clean ground water flowing to extraction wells from beyond the plume perimeter; or (4) the remova
of adug of highly contaminated ground water. Contaminant concentration rebound will occur if pumping is
terminated prematurely in response to these conditions.

3.3 PROJECTED RESTORATION TIME

The projected restoration or clean-up timeis Site specific and varies widdy depending on contaminant
and hydrogeologic conditions and the clean-up concentration god. For example, clean-up time in homogeneous
transmissive aquifers contaminated with mobile dissolved chemicals may be on the order of severd years.
NAPL stes or stes with sorbed contaminants in heterogeneous aguifers, however, may require decades or
centuries of P& T operation to reach clean-up leves with currently available
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technology. Further, the length of time for restoration is usudly difficult to estimate due to complications
associated with characterization of the processes that limit cleanup (see Section 1.2).

The determination of restoration time is necessary to evaluate whether clean-up goads are
practica and for choosing the most efficient remediation system. To demonstrate the magnitude of clean- up
time varigtion a Stes with different conditions, several examples are included herein. The first exampleillustrates
asmple method to estimate the time required to extract mobile dissolved contaminantsin a homogeneous
aquifer (Hall, 1988). Assume that ground water in a 55-ft thick aguifer with a 0.3 storage coefficient is
contaminated by conservative solutes throughout a ten acre area. The pore volume of the contamination zone is
gpproximately 54,000,000 gallons, which, under idedl conditions, could be removed after one year of pumping
at approximately 100 gpm. In redity, however, actud sites are not this smple and P& T hydraulics cannot be
managed to prevent inflow of ground water from beyond the plume perimeter. To remove one pore volume
from the plume requires pumping a greater volume of ground water. Geologic and chemical complexities can
add years, decades, or longer to clean-up time due to processes described in Chapter 1 that cause tailing.

Diffuson dso complicates clean-up time caculation. Conservative contaminants that have migrated (by
any process) into less permesble sirata in heterogeneous media will dowly diffuse into the more permesble
zones during P& T operation. This diffuson may dictate the time necessary for complete remediation. For
example, consder an aquifer with clay lenses that was contaminated for along time before P& T operation
reduced dissolved concentrations in the permeable strata, but not in the clay, to below clean-up standards. The
ared extent of the clay is such that an approximation of one-dimensiona diffusion out of each lens can be used
to help estimate the time needed to deplete contaminants in the clay. The concentration gradient from the center
to the edge of each clay lens can be gpproximated as unity if we assume relative dissolved contaminant
concentrations of one (maximum concentration) in the center of each clay lens and zero (clean) in the permegble
drata. The time for conservative contaminants to diffuse out from the clay center under these circumstancesis:

t=nv/D,
where mis hdf of the clay lens thickness, D, is the contaminant's gpparent diffuson coefficient, and where
D,=D/aR

where R isthe retardation coefficient, a istortuosty (usudly = 1.3to 1.5), and D isthe agueous diffuson
coefficient. D, is the water diffusion coefficient modified to reflect tortuosity of the porous medium and sorption
of the contaminant. The water diffusion coefficient for tetrachloroethene (a nonconservative contaminant), for
example, is 7.5 x 10°® cmé/sec (Lucius et d., 1990), yielding a corresponding D, value of 1 x 10 cnvsec.
Using thisvaue, for day lensesthat are 0.2, 1, 2, and 4 ft thick, the times for contaminants to diffuse from the
center of the clay lensesare 0.29, 7.36, 29, and 118 years. In redity, the time required to reduce contaminant
concentrationsto very low levels may be much longer because the concentration within the clay will decline
dowly and the concentration gradient will be less than unity.
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Sorption and desorption also cause tailing, concentration rebound, and dow ground water restoration.
The number of pore volumes which must be passed through a contamination zone to attain clean-up standards
increases with the sorptive tendencies of a contaminant and kinetic limitations to the rate of desorption (Kedly,
1989). An example of this process is demonstrated by a numerical model to evaluate a proposed P& T
configuration for the Chem-Dyne sitein Hamilton, Ohio (Ward et d., 1987; see Chapter 5). Dueto the
smulation of linear contaminant partitioning between soil and weter, anearly linear rdaionship was found to
exist between retardation and the duration of P& T operation (or the NPV pumped) needed to attain a specific
ground-water clean-up standard. Other investigators have concluded that nonlinear sorption may further
increase the time required for ground-water-cleanup using P& T technology. For example, Stephanatos et al.
(1991) recommend using site-specific leaching tests to assess sorption, and that, in lieu of such tests, they
suggest using USEPA’ s Organic Leachate Modd (OLM) (51 Fed. Reg. 21,653, June 13, 1986; 51 Fed. Reg.
27,062, July 29, 1986; 51 Fed. Reg. 41,088, November 13, 1986) as amore redistic approach to setting
ground-water based soil clean-up goals. To illustrate their point, Stephanatos et al. (1991) present data from
the Whitmoyer Laboratories CERCLA site. Nonlinear sorption for an iron-arsenic compound was determined
from soil leaching tests. Based on these results, an estimated clean-up time of 50,000 years would be required
to reduce arsenic concentrations in ground water to below 0.05 mg/l using conventional P& T technology.
Assuming linear sorption, the restoration time was underestimated to be about 160 years.

Another complexity in estimating clean-up timesfor P& T systems involves the presence of NAPL.
Where NAPL is present, it will dowly dissolve, cresting a continuing source to ground-water contamination
until the NAPL massis depleted. Flow rates during P& T may be too rapid to alow residua NAPL to dissolve
to its effective agueous solubility limits. As such, the contaminated water is advected away from the NAPL
resduas prior to reaching chemica equilibrium and is replaced by fresh water from upgradient. This hasthe
same ramifications as other processes that cause tailing in that large volumes of water with low concentrations
may be pumped during P& T operation. Severa relationships have been derived to predict dissolved
concentrations and time required to deplete residua and pooled NAPL sources (Cohen and Mercer, 1993).
Theseindicate that NAPL can persist as a source of ground-water contamination for decades or longer.

Guidance for estimating ground-water restoration times using batch and continuous flushing moddsis
provided by USEPA (1988b). The batch flushing modd is based on a series of consecutive discrete flushing
periods during which contaminated weter in equilibrium with adsorbed contaminantsis diplaced from the
aquifer pore space by clean water. Vaues of contaminant concentration in soil and weter are caculated after
each flush. An example of an anadogous method (and corrections) to this batch flushing modd are provided by
Zheng et d. (1991, 1992). The batch and continuous models assume that: (1) zero-concentration influent water
displaces contaminated ground water from the contamination zone by smple advection with no dispersion; (2)
the clean ground water equilibrates ingantaneoudy with the remaining adsorbed contaminant mass; (3) the
sorption isotherm is linear; and (4) chemical reactions do not affect the sorption process. Care must be taken to
avoid relying on mideading estimates of restoration time that may be obtained by using these smplified modds.
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The rdaively smple cdculations provided in this section demondrate some of the difficulty in estimating
clean-up time. It is obvious that long periods of P& T operation will be required to attain drinking water
clean-up standards at many stes. Although more sophisticated modeling techniques are available (NRC, 1990),
ther gpplication usudly suffers from data limitations, resulting in uncertain predictions. Nevertheless, cdean-up
time analyses are needed to assess dternative remedia options and to determine whether or not clean-up goals
arefeasble.

34 ADDITIONAL CONSIDERATIONS

Pilot tests and phased implementation of restoration P& T are recommended to improve understanding
of dte conditions and thereby address complex and costly remediation in an effective and efficient manner.
Discussons of modding and operationd efficiency provided in Sections 2.6 and 2.7 are very rdevant to
retoration P& T. Similarly, O&M and monitoring plans noted in Sections 2.4 and 2.5, respectively, should be
developed for restoration P& T systems.
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4. EVALUATING RESTORATION SUCCESS/CLOSURE
41 INTRODUCTION

Ground-water restoration (as operationally defined) is achieved when a predefined clean-up standard is
attained and sustained. To ensure that these conditions are met, the procedure as outlined in Figure 4-1 should
be followed. To protect human hedth and the environment, clean-up standards and/or containment objectives
first must be st to define the gods of the remediation. Clean-up standards are Site-specific and depend on the
contaminants present, the risk imposed by those contaminants, and the fate of those contaminants in the
subsurface. Clean-up standards include Maximum Contaminant Levels (MCLS), Alternate Concentration Limits
(ACLs), detection limits, and natural water qudity. Guiddines for selection of clean-up standards are provided
in Guidance on Remedid Actions for Contaminated Ground Water at Superfund Sites (USEPA, 1988).

Much of the information in this chapter follows closely materid in USEPA (1992¢), with an attempt to
minimize duplication. Figure 4-2 is provided to show the stages (indicated by the circled numbers) of
remediation usng water qudity datafrom asingle wdl. During the first Sage, the Steis evauated to determine
the need for and conditions of aremedia action. Once the remediation system is started, concentrations at most
wells will decrease as shown for stage 2 in Figure 4-2. Concentrations will fluctuate around the trend due to
seasond changes, fluctuations due to the heterogeneous distribution of chemicas in the subsurface, changesin
pumping schedules, variations in sample collection, and lab measurement error.

Based on both expert knowledge of the ground-water system and data collected during P& T, the time
to terminate treatment will be determined (stage 3). For system termination, dl wells on the site should be
monitored and analyzed individudly for compliance unless Ste-gpecific conditions dictate otherwise. Data
andysis may indicate that clean-up standards will not be achieved, and other technologies and/or goas may be
assessed. For remediation systlems that have terminated, the transient effects resulting from remediation will take
time to disspate (age 4). Monitoring during this time period is referred to as post-termination monitoring.

After the ground-water flow system has reached a post-remediation equilibrium, sampling to assess attainment
of the clean-up standards begins (stage 5). At stage 6, data collected during stage 5 is used to determineif the
clean-up standard has been attained.

Due to fluctuating concentrations over time, the average concentration over a short period of time may
be different from the average over along period of time. Statistica decisons and estimates that only apply to
the sampling period of approximately one year or less, are referred to as short-term estimates (USEPA,
1992c¢). Decisons and estimates that apply to the foreseegble future are called long-term estimates, and assume
that ground-water processes can be described in a predictable manner. Long-term estimates are used to assess
attainment, whereas short-term estimates are used to make interim management decisons.

Short-term analyses as gpplied to the P& T system operation (stage 2) are presented in Section 4.2.
The methods described include both parametric and nonparametric analyses. Long-term analyses
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Figure 4-2. Example contaminant concentrationsin awell at P& T site (USEPA, 1992c).

used to determine the time of treatment termination (Stage 3) are presented in Section 4.3. Long-term analyses
include parametric trend analyses, nonparametric trend anadyses, and time-series andyses. Post-remediation
monitoring of ground-water concentrations and water levels (Sage 4) is discussed in Section 4.4. Section 4.5
discusses the generd dtatistical methods used to determine if ground-water conditions after P& T system
termination will remain below the site clean-up standard (sage 5 and 6).
42 SYSTEM OPERATION: SHORT-TERM ANALYSES

Statistica methods for anayzing short-term trends (Stage 2) answer questions of the following nature:

* Are concentrationsin individua wells a the site currently below the clean-up sandard? To what
degree of confidence is thistrue?

* |sthe average Stewide concentration currently below the clean-up standard? To what degree of
confidence isthistrue?

* |sthe current sampling program sufficient to make inferences about concentration trends?
* Arethere sections of the plume where clean-up standards have been met with confidence?
Short-term andlyses consst of parametric and non-parametric techniques, i.e., those Satistica anayses

that can be performed on data that has a known distribution, and those data whose distribution is unknown or
non-normal, respectively.
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A set of concentration measurements taken over ayear (short-term) can be described through smple
sample statistics such as sample mean, standard deviation, standard error and percentile. The sample mean for
this population characterizes the average concentration for al wells over the year. Sample-based comparisons
can be made using hypothesis testing of differences between the sample mean and the site clean-up god or
other standards. Statiticians use the standard error, or sample variability to characterize the precison of
samples-based comparisons through confidence intervas. Confidence intervas ddlineate arange of vaues
within which the true value is expected to exist within a specified level of confidence. The sandard error of the
mean concentration provides a measure of the precision of the mean concentration obtained from ground-water
samples taken over the year. The appropriate method used to calculate the standard error of the mean for a
short-term analysis depends on the behavior of contaminant measurements over time, and the sampling design
used for sample collection. Corrections to the sandard error of the mean must be made if the data are collected
sysematicdly (at specified intervas), if there are seasond patterns, if the data are seridly correlated, and if
there are trendsin the data (see USEPA, 1992¢).

421 Parametric Tests

Once sample datistics have been developed, smple hypothesis testing can be used to determine if the
mean of the sample population (ground-water concentrations) is less than the clean-up standard. The following
procedure describes smple hypothesis testing (USEPA, 1992¢).

@ Assume that the mean concentration of the collected datais grester than the clean-up standard

as the null hypothesis. The clean-up standard therefore represents the null hypothesis of the
andyss.

2 Collect aset of data representing a random sample from the population of interest (e.g.,
concentrations over the year).

3 Develop agatidticd test from the sample data. Assuming that the null hypothesisistrue,
caculate the expected digtribution of the statistic.

4 If the value of the gtatidtic is congistent with the null hypothesis, conclude thet the null hypothesis
provides an acceptable description of the analyses made.

5) If the value of the gatidtic is highly unlikely given the assumed null hypothesis, conclude that the
null hypothesisis incorrect.

If the chance of obtaining avaue of atest datistic beyond a specified limit is, for example, 5 percent,
and the null hypothesisistrue, then if the sample value is beyond this limit, substantia evidence exigs thet the
null hypothesisis not true and the mean concentration is less than or equa to the clean-up standard. An
example of smple hypothesistesting for a short-term concentration mean of the data provided in Table4-1is
presented in Box 4-1. If comparisons of meansto clean-up standards are repeated periodicaly, a generd
evauation of the remediation can be made. With time, the variance of

Word-searchable version — Not a true copy 60



concentration, as measured by standard deviation, should decrease as the system reaches “ steady-state” and
concentrations are reduced by dispersion effects and remediation. For this reason, confidence levels about the
mean concentration may be increased. Hypothesis testing of this nature assumes the data roughly represent a
normd digtribution. If the sample data set is limited, and the sample digtribution is unknown, then nonparametric
anayses must be performed.

4.2.2. Nonparametric Tests

A nonparametric analyss is used when the raw concentration data have been found to violate the
norméality assumption (based on a chi-squared or other normdity test), alog-transformetion fails to normdize
the data, and no other specific distribution is assumed (USEPA, 1989). Similar to the parametric analysis, a
nonparametric andysis produces a smple confidence interva thet is designed to contain the true or population
median concentration with specified confidence. If this confidence interva contains the clean-up standard, it is
concluded that the median concentration does not differ significantly from the clean-up standard. If the intervd’s
lower limit exceeds the clean-up standard, thisis statistically significant evidence that the concentration exceeds
the clean-up standard.

To compare the median site concentration to the Site clean-up standard using a nonparametric anayss,
an gpproach outlined in USEPA (1989) for compliance at RCRA facilities can be applied.

TABLE 4-1. DISTRIBUTION OF MONOCHL OROBENZENE.

Concentration of Concentration of
Monochlorobenzene Monochlorobenzene

Well 1D in ppb Well 1D in ppb
MW-1 86 MW-14 76

MW-2 109 MW-15 55

MW-3 85 MW-16 87

MW-4 84 MW-17 105
MW-5 91 MW-18 75

MW-6 65 MW-19 53

MW-7 9 MW-20 135
MW-8 107 MW-21 113
MW-9 115 MW-22 84
MW-10 167 MW-23 83
MW-11 58 MW-24 19
MW-12 66 MW-25 118
MW-13 89 MW-26 21
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Box 4-1. Short-term Hypothesis Testing

Table 4-1 represents the digtribution of monochlorobenzene at 26 wdls at asite. Wells at
the Ste were sampled at gpproximately the same time. The data are assumed to be normally
distributed, not affected by seasona effects, and not seridly correlated. The mean
concentration value of these datais 86.3 ppb. The standard deviation of these datais 32 ppb.
The standard error of the mean concentration is 6.3 ppb and is given by the following equation:

S

S_ =
NN

where sis standard deviation, s, isthe standard error of the mean, and N represents the
number of samples taken.

A one-sided confidence interval can be calculated by

X+ 1 oS5

where O is the mean vaue of the sample population, and t;.,. ., iSthet statistic for N-1 degrees
of freedom at an a leve of sgnificance.

The clean-up standard for monochlorobenzene at the site is 100 ppb. For 25 degrees of
freedom (N-1) and a 95 percent confidence level (a= 0.05), t 5. 115 1.671 (USEPA, 1992c;
Appendix A.1). The one-sded confidence interva yields 96.8 ppb. If, in the null hypothesis, the
mean concentration was assumed to be greater than 100 ppb, then the null hypothesisis
incorrect to a 95 percent confidence levd; i.e., 96.8 ppb is less than 100 ppb. The Site mean
concentration is highly likely (to a 95 percent confidence level) to be less than the clean-up
standard.

This method requires aminimum of seven observations. This procedure as outlined is as follows
(USEPA, 1989):

(1) Order the n datafrom least to greatest, denoting the ordered data by X(1),....X(n), where X(i) is
theith vaue in the ordered data.

(2) Determinethe critica vaues of the order datigtics. If the minimum seven observations are used, the
critical vauesare 1 and 7. Otherwise, find the smdlest integer, M, such that the
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cumulative binomia distribution (see Conover, 1980) with parameters n (the sample sze) and p= 0.5

(0.5 quantile) is at least 0.99. For sample sizesfrom 4 to 11 vaues of M and the n+1-M together with
the exact confidence coefficient can be found in Table 6.3 of USEPA (1989). For larger sample Sizes,
take as an gpproximation the nearest integer value to

M=n/2 + 1 +Z,y Y(n/4) (4-1)

where Z, o4 is the 99th percentile from the norma distribution and equals 2.33.

(3) Once M has been determined in Step 2, find N+1-M and take as the confidence limits the order
gatistics, X(M) and X(n+1-M).

(4) Compare the confidence limits found in Step 3 to the clean-up standard. If the lower limit, X(M)
exceeds the compliance limit, there is gatisticaly significant evidence of contamination. Otherwise,
ground water is within the clean-up standard.

Both the nonparametric and parametric tests for short-term analyses described provide comparison
between the mean of the Ste data and the Site clean-up standard. Other comparisons can be made againg the
median, percentiles or proportions of concentration data for both parametric and nonparametric analyses (see
USEPA, 1992c; Helsdl and Hirsch, 1992; and Gilbert, 1987).

4.3  TREATMENT TERMINATION: LONG-TERM ANALYSES

Andyses of long-term concentration trends provide mode s that can be used in P& T system termination
decisons (Stage 3) and to determine if the goals of the remediation are feasble. Severd datistica methods of
evauating long-term concentration trends exist. These methods include regresson analyses (trend andyses) and
time-series anayses.

It isimportant to note that changesin system gtress (e.g., pumping rate changes or an externa influence,
such as seasond fluctuations in recharge), can result in changes in concentration variation, and correlation.
These “fluctuations’ can make regression anayses difficult. However, certain trends can be removed from the
data prior to regresson analyses. To determine if the data are seridly correlated, the Durbin-Watson test can
be applied. Methods for correcting for serid correlation are described in USEPA (1992c, Section 6.2.4).

4.3.1 Parametric Trend Analyses

A regression or trend andysis of ground-water contaminant levels provides information on
concentration leve trends over time and predicted concentration levelsin the future. Regresson andysis
techniques it atheoretica curve or modd to a set of sample data. Actua time-concentration dataiis replaced
by amodd that can be used to predict concentrations within a specified confidence or prediction interva. By
applying confidence intervas to aregression line fit, the following assumptions are made:
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* Theassumed modd or fitted-curve form is correct.
» Thedataused to fit the modd are representative of the data of interest.

» Thevariance of theresdudsis congant with time. A resdud is the difference between the
observed concentration measurement and the corresponding concentration value predicted by the
regresson model.

* Reddudsare independent, and, therefore, free from serid correation. Serid corrdation isthe
interdependence of residuasin atime sequence.

* Resdudsare normdly distributed.

Sources of variability that can cause the data collected not to be normaly distributed include (AF,
1991):

e Seasond or short-term naturd fluctuations.

e Spatid heterogeneity in the contaminant digtribution in the aguifer so that water volumes containing
variable amounts of contaminants flow past afixed sampling point.

»  Sampling errors such as the collection of non-representative samples, or not using the sampling
technique consgtently over time.

» Sample handling or preservation problems so samples contain different amounts of contaminant at
the time of analysis than were present at the time of collection.

» Andyticd variagbility caused by () differencesin anaytica technique and insrumentation among
different |aboratories or within a given laboratory over the long term, and (b) intringc imprecison in
andytica measurements.

Forma tests for normdity include the Shapiro-Wilk test, the Shapiro-Franciatest and the
Kolomogorov-Smirnov test (USEPA, 1989). A rdatively smple way for checking the normality of resdudsis
to plot the residuals ordered by size againgt their expected values under anorma distribution (USEPA, 1992¢).
Under normdlity, the resduas againgt their expected vaues should plot asagraight line.

Both gtraight-line and curvilinear regresson modds can be used. The initia choice of regresson modd
can be made by observing aplot of the sample data over time (USEPA, 1992¢). Straight-line regressions are
gopropriateif aplot of concentration versustime forms asraight line. For most P& T systems, long-term
concentration declineswill be curvilinear; i.e., concentration versus time does not form a sraight line when
plotted. Under certain circumstances, however, the concentrations versus time relationship can be modeled asa
graight line by transforming either the dependent or independent variable (USEPA, 1992¢) (i.e, log linear).

Word-searchable version - Not atrue copy 64



Regardless of the model of regresson andysis, an assessment of thefit of the theoretica curve or
regresson model to existing data is required. The diagnostic Satistica parameters that test thefit of the
theoretical curveinclude:

» SSE = Sum of Squares Dueto Error isameasure of how well the modd fits the data. If the SSE is
amdl, thefit isgood; if it islarge, thefit is poor.

* MSE = Mean Square Error provides an estimate of the variance about the regression. The lower
the M SE the better thefit.

» R?=Cosfficient of Determination represents the proportion of the total variance in the observed
vauethat is accounted for by the regression model. A value of R close to 1 represents a good fit
of the datato the regression line. Low vaues of R can indicate either ardaively poor fit of the
model or no relationship between the concentration levels and time (USEPA, 1992c¢). Thefit of the
mode should not be judged based solely on the corresponding R vaue.

A full description of the development and application of these parameters for both straight and
curvilinear regression is provided in the USEPA (1992c) guidance document entitled “Methods For Evauating
the Attainment of Cleanup Standards, Volume 2: Ground Water.”

Oncethefit of the regression line has been assessed, predictions and conclusions about trends and
future concentration vaues can be made. These determinations can be compared to clean-up standards to
decide whether or not remediation can be terminated.

One termination analysis method that can be applied is the zero-dope method (USEPA, 1989). This
method requires the demonstration that contaminants have stabilized a alevel below the clean-up standard and
will remain at that level with time (zero dope). Typicaly, ground-water concentrationsin aP& T system “leve
off” with time and trend toward an asymptotic limit (with a dope of zero). An example of the gpplication of the
zero-dope method to concentrations trends in Box 4-2 uses datain Table 4-2. In this example, the dope
caculated for the best fit regresson line is compared to zero by determining the standard error of the estimated
dope of the regression line. By knowing the standard error, the degree of confidence in the estimated regression
line dope can be determined to quantify the degree of potentid error of the dope estimate. To Satisticaly test if
the “ steady-dtate” concentration level reached at the zero dope point is below the clean-up standard,
confidence intervas about the regression line can be determined. By gpplying confidence intervas to any
conclusion derived from the regression line, the fitted curve residuds are assumed to be normaly distributed as
described above. The concentration trends presented in Table 4-2, the corresponding best fit regression line,
and the corresponding upper 95 percent confidence interval line are depicted in Figure 4-3.

A computer program, REGRESS, has been developed through funding by the American Petroleum

Ingtitute (AP, 1992) to assess asymptotic conditions with first order and polynomia (exponential) regresson
techniques. This program performs sequentia linear regression andyses (e.g.,
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Box 4-2. Analysis of Zero-Slope Trending Data

The estimated regression line for the last six data pointsin Table 4-2 and Figure 4-3 has the following linear
equation based on | east squares estimates:
C=-0.00022x + 1.93053

where C isthe concentration in ppb at a given time and x is the time in months.

A confidence interval about the slope -0.00022 can be used to determine if a downward trend exists.
The confidence interval about the slopeisgiven by:

byt t)_s.n_oS(b))

where b, isthe estimated slope of the regression line,

t_e:N-2

isthe student t statistic for N-2 degrees of freedom with an significancelevel, and s(b ,) isthe Standard Error of
the estimated slope.

The Standard Error of the estimated slope can be determined by

MSE
s(by)= S

XX

where

N A N2
(C;-C))
MSE= Y —

i=l N_2

C = the actual concentration at timei; U, = the estimated concentration based on the estimated regression line at an
equivalent timeas C, ; N = the total number of samplestaken; N-2 = the degrees of freedom; i = the sample time;

For the data presented in Table 4-2 s(b,) = 0.008815. For a 95 percent confidence level, a = 0.05. The student t
statistic ty .., fOr anaof 0.05is2.776 (see Appendix A of USEPA, 1992c).

The confidence interval about the slope is-0.00022 + 2.776 (0.008815), and the slope will range from 0.02425 to
-0.02469 within a 95 percent confidence level. The upper confidence value of the slope is greater than zero and the
lower confidence valueislessthan zero. Thissignifiesthat the slopeis not significantly different from zero (i.e., no
positive or negative trend exists).

The data presented in Table 4-2 suggest that the clean-up standard (10 ppb) was reached at time 104 days.
Based on thisinformation and the fact that there is a zero slope in concentration, the treatment system can be
terminated, and post-termination monitoring can proceed.
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TABLE 4-2. CONCENTRATION VERSUSTIME DATA SHOWING AN ASYMPTOTIC ZERO
SLOPE (REGRESSION ONLY PERFORMED ON LAST SIX SAMPLES).

Actual Estimated Regressed Upper 95%
Time, i Concentration, Concentration, Confidence
(days) Ci (ppb) U in ppb Concentration in ppb
1 150.0
8 41.0
16 41.0
21 24.0
37 15.0
48 51.0
62 7.0
104 10.0
134 3.0 1.90 6.18
161 0.3 1.89 5.92
189 3.0 1.89 5.76
217 0.5 1.88 571
272 2.0 1.87 5.96
302 2.3 1.86 6.27

subsets conssting of the last five data points, the last Sx data points, etc.) until the final data set regressed
includes dl the data. The subset of the regression curve assigned as having approximately a zero dopeis
defined to be the asymptote of the concentration values.

Hirsch et d. (1982) showed that if the seasona cycles are present, and/or the data are not normally
digtributed, and/or the data are sexidly corrdated, the true dope as calculated by confidence intervals may not
be correct, in fact, a zero dope may actudly occur and not be detected by the regresson andysis.

If asymptotic concentration levels exceed the clean-up standard, then a reassessment should be made of
the P& T methods and goals. P& T operation may need to be modified by increasing pumping rates, adding new
recovery wells, etc. Note, however, that, in some cases, the clean-up standards may be unobtainable,using the
best available technology. For this case, if the standards cannot be relaxed based on indtitutional controls or a
reevauation of risk, then the remedia god should be reevauated and may be modified to long-term hydraulic
containment. Additiona guidance is provided in USEPA, 1993.

Inasmilar gpplication to Box 4-2, it can be Satistically determined if concentration levels will follow a
downward trend after reaching the clean-up standard. If this condition occurs, the P& T system may be
terminated. An example of this method, as applied to the concentrationsin Table 4-3, is presented in Box 4-3,
and Figure 4-4.
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Figure 4-3.  Best-fit regression line and 95% confidence interval for the concentration trend of data given
in Table 4-2.
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TABLE 4-3. CONCENTRATION VERSUSTIME DATA SHOWING A DOWNWARD TREND.

Estimated Upper 95% Lower 95%
Actual Regressed Confidence Confidence
Time, i Concentration, Ci  Concentration, U Concentration Concentration

(months) (ppb) in ppb in ppb in ppb
1 10.6 10.44 11.49 9.38
2 104 10.26 11.29 9.22
3 9.5 10.07 11.09 9.06
4 9.6 9.89 10.89 8.89
5 10.0 9.71 10.70 8.72
6 9.5 9.53 10.51 8.54
7 8.9 9.34 10.32 8.37
8 9.5 9.16 10.14 8.18
9 9.6 8.98 9.96 8.00
10 9.4 8.80 9.78 7.81
11 8.75 8.61 9.61 7.62
12 7.8 8.43 9.44 7.43
13 7.6 8.25 9.27 7.23
14 8.25 8.07 9.10 7.03
15 8.0 7.89 8.94 6.83

4.3.2 Nonparametric Trend Analyses

When the resduas from aregresson andysis are not normaly distributed, or of an unknown
distribution, then nonparametric trend analyses are recommended. Examples of nonparametric trend analyses
include the Mann-Kendall trend test, Sen’s nonparametric procedure, and a curve smoothing procedure,
LOWESS (Localy Weighted Scatterplot Smoothing). Each of these methods can be used to caculate a modd
for concentration trends over time. Sen’s nonparametric procedure can be used to estimate the magnitude of
the trend. When seasond variation is present in the data, then the seasona Kendall test and seasonal Kendall
dope estimator may be used to adjust for seasond effects (Carosone-Link et a., 1993). Severd references
which describe nonparamtric trend anayses, as applied to water sudies, include Gilbert (1987), Helsd and
Hirsch (1992), and USEPA (1992c).

4.3.3 Time SeriesAnalysis

Time series andysisis very smilar in use to regression, except that time series makes predictions based
on serid correation with trends removed, whereas regression tries to diminate these corrdations and andyze
trends. Three time-series techniques, the genera linear modd (GLM), auto-regressive moving average
(ARMA), and auto-regressive integrated moving average (ARIMA), may provide some additiona information
about the direction in which the mean is trending, and its stability (USEPA, 1989). These methods are usudly
computer intensve; their use requires afamiliarity with time-series andyss.
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Box 4-3. 4nalysis of Downward Trending Data
The estimated regression line for the datain Table 4-3 and Figure 4-4 has the following linear equation based
on least squares estimates:
C=-0.1832x + 10.62

where C isthe concentration in ppb at agiven time, x isthetimein months.

A confident interval about the slope -0.1832 can be used to determine if adownward trend exists. The
confidence interval about the slopeis given by:

byt t) s pS(b))
where b, isthe estimated slope of the regression line;

te:N-2

isthe student t statistic for N-2 degrees of freedom with an a significance, and s(b,) isthe Standard Error of the
estimated slope.

The Standard Error of the estimated slope can be determined by

(b)) MSE
S = |
1 Sx‘(
where
N ~ N2
(Ci-GC)
MSE= e
SE= ),

i=1

C = the actual concentration at timei; U, = the estimated concentration based on the estimated regression line at an
equivalent time as C;; N = the total number of samples taken; N-2 = the degrees of freedom; i = the sampletime;

Sz ) x2-4-=2
XX .=l 1 1 N

N
sz in'
=1

For the data presented in Table 4-3. s(b,) = 0.026173

For a 95 percent confidence level, a = 0.05. The student t statistict; _,,, ., for anof 0.05is2.160 (see
Appendix A of USEPA, 1992c). The confidence interval about the slopeis-0.1823 + 2.160 (0.026173) and the slope
will range from -0.1258 to -0.2388 within a 95 percent confidence level. The negative slope within the confidence
interval strongly suggests that concentrations are on adownward trend.

The upper confidence interval line (Figure 4-4) suggests that the clean-up standard (10 ppb) was reached at
time 8.9 months. Based strictly on thisinformation and the fact that there is adownward slope in concentration, the
treatment system can be terminated, and post-termination monitoring can proceed.
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Figure 4-4. Best-fit regression line and 95% confidence interval for the concentration trend in Table 4-3.
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4.4  POST-TERMINATION MONITORING

After terminating P& T operation, aperiod of time must pass to ensure that any trangent effects of
treatment on the ground-water system no longer exist (sage 4 in Figure 4-2). This period alows ground water
to reequilibrate hydraulicadly and chemicdly with the new flow field. Ground water can only be judged to attain
the clean-up standard if both present and future contaminant concentrations are acceptable.

Changesin ground-water flow velocities and flow paths are induced when a P& T system is initiated.
These changes redigtribute contaminant pathways and affect the rate a which ground water will travel. Any
changeto the P& T system (e.g., increased pumping rates) will change ground-water flow velocities and
contaminant pathways. Following system termination, ground-water sampling may continue, but only data
collected after steady-state conditions have been reached (attainment sampling) may be representative of
long-term conditions.

Steady-state conditions occur when ground-water concentrations and eevations no longer are
influenced by the effects of the P& T system. When sampling to determine whether the ground-water system is
a steady-state, three decisons are possible (USEPA, 1992¢):

*  Seady-gate conditions exist and sampling for assessment attainment can begin;

e Thecurrent contaminant concentrations indicate that the clean-up standard is unlikely to be
reached, and further treatment must be considered; or

*  Moretime and sampling must occur before it can be confidently assumed that the ground water
has reached steady State.

To determine if post-remediation steady-state conditions have occurred, it is useful to have a
knowledge of steady-dtate conditions prior to initiation of the remediation. Ground-water elevations may not,
however, return to preremediation conditions if the remediation includes permanent festures such as durry
wadls.

The frequency of data collection will depend on the correlaion among consecutively obtained values
(USEPA, 1992¢). If serid corrdation seems to be high, the time interva between data collection efforts should
be lengthened. With little or no information about seasond patterns or serid correationsin the data, at least Six
observations per year are recommended (USEPA, 1992¢).

Underlying trends in ground-water chemistry and elevation data will suggest whether steady-State
conditions exist. All data should be plotted over time for visudization of potentia trends. Statistical methods for
determining trends include parametric trend andyses and nonparametric trend andyses, and were discussed
previoudy. Other forma procedures for testing for trends adso exigt, including the Seasond Kendall Test, Sen's
Test for Trend, and a Test for Globa Trends. All three of these tests require the assumption of independent
observations. If this assumption is violated, these tests tend to indicate that there is atrend when one does not
actudly exist (USEPA, 1992¢).
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45 MONITORING FOR ATTAINMENT

After ground-water conditions have reached anew equilibrium or steady-date, long-term cleanup
attainment can be assessed (stages 5 and 6 in Figure 4-2). Long-term post-remediation monitoring is criticd in
ensuring no future impact from contaminants gradually leaching out of the remediated matrix. Post-operationd
monitoring may be required for aperiod of two to five years or more after termination, depending on Site
conditions. As discussed in Chapter 1, contaminant concentrations can rebound significantly after terminating a
P& T operation (e.g., Robertson, 1992).

Two potential measures of long-term site cleanup consist of comparisons between clean-up standards
and mean concentration, or comparisons between clean-up standards and a selected percentile of al samples.
The procedures used to make these comparisons depend on whether a fixed number of samplesisto be
anadyzed (eg., 20 samples over atwo-year period), or samples are to be taken sequentidly at set intervals
without specifying atotal number of samples. Methods for determining if clean-up standards have been
maintained are smilar to those methods for short-term comparisons. Additiona congderations include
corrections for seasond effects, determination of appropriate sample sizes, determination of appropriate
sampling frequency and, for sequential andyd's, determining an gppropriate rate of data anadys's. Guidance for
datistical andysis of fixed and sequential sampling is provided by USEPA (1992¢).

46 CONCLUSIONS
Generd destriptions of the satistical techniques used to determine the time of remediation termination

have been presented in this chapter. For further guidance on the application of Satistical methods to ng
environmental data, refer to USEPA (1989 and 1992c), Helsdl and Hirsh (1992), and Gilbert (1987).
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5.CHEM-DYNE SITE CASE STUDY

It isimportant to note that selected data from the Chem-Dyne site in Hamilton, Ohio, are used only to
illustirate some of the monitoring methods described within this document. Much of the data was obtained a
number of years ago. Issues, such as the potentia presence and sources of NAPLS, the effects of near-site
pumping, and changesin the remediation system sinceitsinitiation, are not considered for this purpose.
Extraction wells placed aong and within the contaminant plume & the Site are designed to hydraulicaly contain
and remove contaminated ground water for treatment. An overview of the P& T design, monitoring, and results
are provided in this chapter. Other P& T case studies are provided by CH,M Hill (1992).

5.1 BACKGROUND

The Chem-Dyne ste occupies approximately 20 acres dong the Great Miami River within Hamilton.
Hazardous waste, accepted for solvent reprocessing from 1974 to 1980, resulted in contamination of soil and
ground water. The hydrogeologic environment at the Site consists predominantly of glaciofluvia sand and grave,
lacks extensve clay layers, and receives induced infiltration from the Great Miami River. Generdly, two
hydrogtratigraphic units exist: (1) alower unit conssting of medium gravel or sand and gravel, and (2) ashdlow
unit comprised of slts, dayey slts, and ity and fine sands.

A Remedid Action Plan implemented in 1985 included: (1) excavation and disposa of contaminated
aurficid s0ils; (2) ingdlation of alow-permesbility cap; and (3) development of a P& T system to hydraulicdly
contain and remove contaminated ground water within the 0.1 ppm tota Priority Pollutant volatile organic
compounds (VOCs) isopleth (Figure 5-1). Priority Pollutant VVOCs account for gpproximately 96% of the
contaminant mass detected mostly in the shalow depth wells open to the upper five to ten feet of the aguifer
(Papadopulos & Assoc., 1985). Sampling and andysis of intermediate depth wells screened between a depth
of approximately 55 to 65 ft aso detected concentrations greater than 0.1 ppm total VOCs. The P& T design
utilizes extraction wells within the zone of contamination and aong the plume boundary to hydraulicaly contain
and remove the contaminated ground water. A portion of the treated ground water is reinjected upgradient of
the extraction wells to increase the pore volume flushing rate. The system was origindly designed to pump an
average 2.6 pore volumes per year through the contaminated zone. A ten year clean-up time was projected to
reduce total dissolved Priority Pollutant VOCs to below 0.1 ppm throughout the aquifer.

Limited operations of the ground-water P& T system began in February 1987. Data were collected to
assess the initid mechanical and operationa performance of the system. Beginning January 1988, the
Chem-Dyne ste P& T system was fully operationd. Five full years (1988 to 1992) of operationa and
monitoring data have been collected and can be utilized to evauate the effectiveness of P& T remediation at
Chem-Dyne.
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Figure5-1. Boundary of 0.1 ppm total VOC plume and location of nested piezometers at the Chem-Dyne
site (from Papadopulos & Assoc., 1993).
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5.2 PERFORMANCE CRITERIA

The P& T system was designed based on the following performance goads and criteriawhich were
specified in a Consent Decree.

(1) After defining the 0.1 ppm tota Priority Pollutant VOC plume limits, the outermost downgradienit
extraction wells shdl be placed at or beyond the contaminant plume boundary.

(2) Theextraction/injection system shadl establish and maintain an inward hydraulic gradient, both
verticdly and horizontdly, to ensure that the contaminants within the 0.1 ppm tota VOC plume
boundary are contained for remova and trestment.

(3) TheP&T system shdl be operated for aminimum of ten years and shdl be capable of reducing the
total Priority Pollutant VVOC concentration within the plume boundary to 0.1 ppm.

(4) Ground-water quality shal not exceed water qudity criteriafor the protection of human hedlth
(based on 107 risk or background, whichever is higher using best andytical techniques) at
compliance points outside of the zone of hydraulic control.

The responsible parties can terminate the P& T system after ten years of operation if the total Priority
Pollutant VOCs in dl monitor and extraction wells within the 0.1 ppm plume have been reduced below 0.1
ppm. If the totd Priority Pollutant VOC concentrations are not maintained effectively congtant below 0.1 ppm
after the cessation of pumping, additiona corrective actions may be required. If the concentration reduction
gods are not met after 20 years of operation, then the regulatory and responsible parties will determine whether
further P& T operation or modification would produce significant improvement.

5.3 PERFORMANCE MONITORING

Detailed P& T monitoring requirements were specified in the Consent Decree. The performance
monitoring a the Chem-Dyne Ste provides an example of the locations, frequency, and type of datato be
collected for measuring containment and restoration performance. The Chem-Dyne monitoring program is
designed to provide data to (Papadopulos & Assoc., 1985):

(1) Evduate the performance of the extraction/injection system with respect to its design criteriaand
to fadilitate timely adjusments;

(2) Determine whether the system will be terminated after the initia ten year period, or & whet time
thereafter;

(3) Assesswhether performance god's have been met a compliance points and within the defined
plume boundary after termination; and
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(4) Devedop ardiable predictive modd that can be used to assess the effects of system adjustments
and the impacts of residual contamination, and of noncompliance, if any, on potentia receptors.

Water-level and water-quality data are collected to achieve these objectives.
5.3.1 Hydraulic Head Monitoring

Water-level data are measured regularly in gpproximatdly 130 wells. Locations for monitoring include
25 extraction wells both within the plume and aong the plume boundary, 31 insde-plume monitor wells, 12
outside plume monitor wells, 18 compliance monitor wells, 6 water-supply wells, and 9 injection wells.
Piezometer networks were ingtaled at six locations along the containment area perimeter to determine whether
or not inward and upward hydraulic gradients are being maintained. Each piezometer has a maximum screen
length of five feet. Shdlow, intermediate, and deep piezometers are completed 10 to 15, 350 40, and 70 to
75 ft below the mean annud water table, respectively. As shown in Figure 5-1, there are three shalow
piezometers arranged in atriangle and three verticaly nested piezometers within each of the plume boundary
piezometer networks.

5.3.2 Water-Quality Monitoring

Water-quaity data are obtained from monitor wells, extraction wells, compliance wells, and five nearby
production wells. Concentrations detected during the remediation are compared to the “basdine’ conditions
represented by the contaminant plume boundary and concentrations in compliance and production welsin
1986. Basdline ground-water quality conditions were determined for offsite production wells and three
compliance points through three consecutive monthly sampling events and in accordance with 40 CFR §
264.97. In addition, three consecutive, monthly ground-water quality sampling events at Sx new (1985) and
exigting monitor wells were completed to redefine the contaminant plume boundary. These sampling events
resulted in arevised conceptudization of both the shalow and intermediate depth VOC plumes. The greater
latera extent of the redefined VVOC plumes required modification of the remedia design. This example
demondtrates the importance of ongoing characterization during the remedia design stages and changes that can
occur in the contaminant distribution between initiad characterization and remediation implementation.

Because treated ground water is injected into the aquifer and discharged to surface water (Ford
Hydraulic Cand), effluent water qudity sampling is performed. VOC loading to the Ford Hydraulic Candl is
determined to fulfill NPDES permit requirements. Smilarly, influent water qudity andyssis performed to
determine the chemical loading to the trestment plant and the mass of contaminants removed from the aquifer.
Fow rates and water quality are used to determine these loadings. For the extraction and injection wells, flow
rates are measured at individua wells. At the ground-water trestment facility, flow rates and ground-water
quality are determined for the influent and effluent to the system.
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5.3.3 Monitoring Schedule

The monitoring schedule for hydrodynamic and chemica data collection provides an example of
performance monitoring for the containment objective and the restoration objective. Contingencies for
modification of the sampling events are dso included to facilitate changing concentrations during the operationd
and pogt-termination periods. The following monitoring schedule has been implemented at the Chem-Dyne site.

For the first year of operation, water-levels were measured with water-level probes semi-monthly at
wells and piezometers and recorded hourly by pressure transducers/data loggers at the six piezometer clusters
at the boundary of the plume. Since 1989, water-levels have been measured by hand monthly and water-levels
from the centra shalow piezometer from each of the Sx piezometer clusters have been recorded hourly by
dataloggers. Semi-monthly water levels are measured for three months (within a 250 ft radius of the affected
point) if any sgnificant modification to the extraction/injection system or if ungable water levelsin the monitoring
network have occurred. Daily extraction and injection rates are measured at individua wells with flow meters.
A remote recording system aso provides a continuous regidtry at the treetment facility of the volumes of ground
water extracted/injected from individua wells. Water flow rates are continuoudy measured for the trestment
facility influent and trested effluent discharged to the Ford Hydraulic Cand.

During the P& T remediation, water quaity sampling is performed semi-annudly for Priority
Pollutant VOCs and annudly for al other Priority Pollutants at compliance point monitor wells as well as
annudly for VOCs a monitor welswithin theinitid plume boundary. This sampling interva will continue for five
years after sysem termimation. To facilitate determination of system termination after ten years of operation, al
monitor wells and extraction wells a and within the plume boundary will be sampled quarterly for Priority
Pollutant VOCs for the last three years of the ten year period. Upon termination of the system, ground-water
qudity sampling will continue a these wells for five years: quarterly for the firgt two years and semi-annudly for
the next three years. For wells beyond the defined 0.1 ppm total Priority Pollutant VOC isopleth, VOC
sampling will be performed annualy during system operation and for five years after system termination.

The Chem-Dyne ground-water quality sampling plan aso incorporates contingencies for the monitoring
program. For example, if the concentrations of VOCs at compliance point monitor wells exceed compliance
Sandards during operation or post-termination monitoring, sampling frequency will be increased to quarterly for
aminimum of sx months. Also, if concentrations of total VOCs exceed 0.1 ppm at monitor wells outsde the
plume boundary during operation or post-termination monitoring, the sampling frequency will be increased to
quarterly for aminimum of six months. Further, if this exceedance occurs during two consecutive sampling
events, the sgnificance of the occurrence will be determined.

Water qudity andyds of the effluent of the ground-water trestment facility is currently performed

monthly for Priority Pollutant volatile organics (EPA Methods 601 and 602), quarterly for Priority Pollutant
organics (EPA Methods 624, 625, and 608), and semi-annualy for Priority Pollutant heavy metds.
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5.4 DATA EVALUATION AND EFFECTIVENESS

Severd methods are utilized to demondrate the effectiveness of the P& T system in attaining
containment and progressing toward restoration. To verify containment, water-level data are evaluated to
assess Whether hydraulic control of the plume is maintained laterdly and verticaly. To evauate restoration,
water qudity of influent, effluent, monitor wells, and extraction wells is monitored.

5.4.1 Containment

Hydrographs of the monitored piezometer clusters (located & the origina plume boundary) are
prepared using the hourly data from the shalow piezometer and the time-weighted averages of monitor well
water levels. The monthly and semi-monthly water-level measurements are aso plotted on each hydrograph.
Average ground-water levels of the monthly deata are utilized at the Chem-Dyne Site to reduce the effects of
short-term disturbances and represent the conditions that are commensurate with the rates of ground-water
migration and indicative of significant patterns of flow (Pgpadopulos & Assoc., 1993). The averages are
time-weighted to reflect the relative duration of water-level conditions associated with measurements made a
different days of the months.

The vertica capture of the plume is assessed by evauating the rlaive hydraulic head vaues a the
different screened depths within the piezometer clusters. Figure 5-2 illugtrates an example of a piezometer nest
hydrograph for 1992. Vertical containment is inferred by the upward net vertical hydraulic gradient between the
deep and intermediate and between the intermediate and shalow horizons of the aquifer.

Lateral containment is verified by preparing potentiometric surface maps of the shalow, intermediate,
and deep horizons of the agquifer usng average ground-water levels from the monthly water-level data. Figures
5-3 and 5-4 present the average water-level conditions and the direction of groundwater flow for the shallow
and intermediate zones during 1992, respectively. Figure 5-3 demondtrates that the extraction system has
created a cone of depression in the shalow horizon at the leading edge of the plume boundary. The heavy
dashed line illudtrates the approximate limit of the shalow horizon capture zone indicating that water from within
the plume boundary is captured by the extraction system. Figure 5-4 demondtrates that the intermediate interva
plumeis aso contained by the extraction wells. The potentiometric surface contours during low and high
ground-water conditions in the shalow and intermediate interva's demondrate that containment is maintained
under low and high ground-water conditions.

5.4.2 Restoration

The rate of VOC removd, the total mass of contaminants removed trom the aquifer, and contaminant
concentrations in extraction and monitor wells are measured to evaluate restoration progress. Table 5-1
illugtrates the rate of VOC removd for the previousfive years. Y early mass remova rates have decreased from
7500 to 1435 Ibs/year asthe total volume of water treated has increased since the initiation of the P& T system.
However, the mass removad rates have not stabilized. Stabilization of
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EXPLANATION
O Shallow Monitaring Wall A  Piszomatar Clustar
X Shallow Injection Wall = s Limit of Capture Zone
O Shallow Extraction Well -~ Plume Boundary as defined in 1986
A . Shallow Piszomater & Surface-Water Gage
== Diraction of Ground-water Flow ) Water-Table Depression
—~564- Line of Equal Water-Table Elavation in Fest Above MSL % Water-Table Mound
Figure 5-3. Average water table and direction of ground-water flow in the shallow interval in 1992 at the

Chem-Dyne site (form Papadopulos & Assoc., 1993)
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EXPLANATION

Z  Intermediate Extraction Well ~—567__. Contour On Water Surface

© intermadiate Monitaring Weil — Intermadiate Plume Boundary (1986)

A Piszometar Cluster @ Watsr-level Daprassion

== Diraction of Ground-water Flow wee wme ws  Limit of Capture Zone
Area with higher than 100 ug/L of VOCs, Dacembar, 1982
Figure 5-4. Aver age potentiometric surface and direction of ground-water flow in the intermediate

interval in 1992 at the Chem-Dyne site (from Papadopulos & Assoc., 1993).
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TABLE 51. ANNUAL MASSOF VOCsAND VOLUME OF GROUND WATER
EXTRACTED FROM THE CHEM-DYNE SITE (PAPADOPULOS & ASSOC.,
1988 AND 1993).

Total Average Average
Average Volume Concentration Concentration Mass of
Flow Treated of PPVOCs of PPVOCs VOCs
Year Rate! (GPM) (million in Treatment in Treatment Removed?®
gallons) Effluent (Fg/L) Influent(Fg/L) (pounds)
1987 625 240 2936 to 82C° 11580 to 6081° 7500
3565 to 14426
1988 - 270 254 2000 4630
1989 791 362 6.5 1630 4970
1990 726 355 92.7 1660 4685
1991 796 381 131 1294 37%
1992 833 423 39 414 1435
TOTAL -- 2,031 - -- 27,014

1 Average extraction rate based on operating hours and volume pumped to treaiment plant

2 Average between June and December 1987

3Net mass removed after injection

4 After modifying the air stripping system, the average effluent concentration decreased to 10 Fg/L
5 Range during March and April

6 Range during September through December

contaminant mass removal rates, contaminant mass-in-place, and ground-water concentrations might indicate
that aP& T system is gpproaching apoint of diminishing returns. This sabilization is not suggested by the
performance monitoring data at the Chem-Dyne Ste.

Performance of the P& T remediation is dso demongtrated by the total mass of contaminant removed
from the saturated subsurface. A determination of the total mass removed is obtained from extracted
ground-water quaity and extraction rates. At the Chem-Dyne site, influent water quality combined with flow
rates are used to provide time-weighted caculations of VOCs delivered to the trestment plant (Figure 5-5).
Because treated ground water (containing VVOCs) is returned to the aquifer by injection, the mass of VOCs
ddivered to the treatment plant does not represent the mass of contaminants removed from the aquifer. Water
quaity and flow rates of the effluent and of discharges to the Ford Hydraulic Cand are used to determine the
net mass remova of VOCs from the aquifer. For example, during 1992, the mass of VOCsin plant influent,
effluent, dischargesto the canal, and injectate was calculated to be 1,470 + 55, 140 + 4, 105 + 4, and 35 |bs,
respectively (Papadopulos & Assoc., 1993). Therefore, the net mass removal for 1992 is gpproximately 1,435
+ 55 Ibs. These calculations are
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peformed monthly to monitor the cumulative mass of Priority Pollutant VVOCs removed since pumping
commenced in 1987 (Figure 5-6). Approximate 27,000 Ibs of VOCs have been removed from the aquifer
snce the system became operationd.

To evauate this remova performance, the mass removed is compared to the origind mass-in-place.
The estimated mass of VOCs dissolved in the ground water prior to the system operation within the 0.1 ppm
plume boundary was 4,500 Ibs (Papadopul os, 1993). The mass of VOCs sorbed on the aquifer materials was
estimated to be 36,000 Ibs, therefore, the total mass of VOC contaminants in the aquifer (assuming no NAPL)
prior to P& T remediation was 40,500 |bs (Papadopulos, 1993). The P& T system has removed 67% of the
edimated origind mass-in-place in less than haf of its planned operational period. However, the dissolved
contaminant mass remaining in the aquifer, discussed below, must be evaluated to confirm this gpparent

progress.

Performance of the restoration is also demondrated at the Chem-Dyne site by comparing the mass of
dissolved contaminants remaining in the aquifer through time. The dissolved mass-in-place provides an average
of the digtribution of contaminants, therefore, tracking the decrease in the dissolved mass provides a basis for
evauating the effectiveness of the restoration. The estimates of dissolved mass are based on contoured
ground-water qudity data, thickness of the contaminated zone, and porosity. Figures 5-7 and 5-8 present the
December 1992 concentrations of Priority Pollutant VOCsin the shalow and intermediate wells in comparison
to the 1986 0.1 ppm VOC plume boundary. Figures 5-9 and 5-10 present the October/November 1987
concentrations of Priority Pollutant VOCs in the shdlow and intermediate wells. The reduction of contaminants
in the agquifer and sgnificant reduction of contaminants in individua wells evidences the effectiveness of the P& T
system. Based on the concentrations of total VOCs detected in extraction and monitor wells within the 0.1 ppm
plume boundary the mass of contaminants dissolved in ground water prior to the commencement of the P& T
system was 4,500 pounds (Papadopul os, 1993). Sampling results indicate that the mass of dissolved
contaminants was reduced to approximately 235 pounds in 1992 (Papadopulos & Assoc., 1993). This
reduction of mass of dissolved contaminants gppears promising, however, a comparison of the reduction in
dissolved mass of contaminants in, the aquifer (4,265 pounds) with the amount of contaminants removed
(27,000 pounds) reflects the presence of NAPL and/or sorbed contamination. Physical and chemical
conditions discussed in Chapter 1 may result in future extraction with limited dissolved mass-in-place reduction.

5.4.3 Termination

Data evaluation will dso be performed to determine whether the Chem-Dyne P& T system can be
terminated after the 10-year operation period or at any time thereafter. This determination will be based
on the attainment of the performance goals stated above. The determination of whether VOC concentrations
within the plume have become effectively congtant will be made for each extraction and monitor wel within the
plume boundary according to the following procedures (Papadopulos & Assoc., 1985).
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Figure 5-7. Concentrations of VOCsin the shallow interval in December 1992 at the Chem-Dyne site

(from Papadopulos & Assoc., 1993).
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Totals of Priority Pollutant VOCs for the 12 most recent sampling events will be plotted versus
time.

If the curve indicated by the concentrations is linear, a straight line will be fitted to the datausing a
least squares regresson modd. The dope of the fitted curve will be computed as the estimated

dope.

If the curve suggested by the datais nonlinear, then an exponentia curve using aleast squares
regresson modd will be fitted to the data. The estimated dope will be the first derivative of the
curve at the midpoint between the last two sample points.

The estimated dope will be defined as zero if (a) the dopeis#0 and $-0.02 ppm/year, and (b)
the rate of change of that dope = 0 or indicates a continuoudy decreasing concentration.

If the mean concentration in awdl is#0.02 ppm and the above procedure resultsin a positive
dope, then the 95 percent confidence interva will be calculated for the dope of the regresson
ling; if azero dope iswithin this confidence intervd, then the estimated dope will be deemed to
be zero.

The concentrationsin awel will be declared to be effectively congant if the estimated dopeis
defined as zero.

If the concentration of total VVOCs has become effectively constant (as defined above) in each monitor
and extraction well within the defined plume, but at a higher concentration than 0.1 ppm (performance goa No.
1) after ten years of operation or any time theregfter, the system will be terminated if the following two
conditions are met (Papadopulos & Assoc., 1985):

@

)

Subgtantiad compliance with the performance god of 0.1 ppm VOCs has been achieved
(congdering factors which may include but are not limited to variations in permeshility which
result in the persstence of high concentrations in certain wels, and the averaging of
concentrations in wells); and

Periodic evauation of data during system operation indicates that no reasonable modification or
adjustment to the system will produce significant improvement within atotal operationa period of
20 years.

If both performance god's are not met after the 20 years of operation, the evaluation as to whether further
operation and modification would be cogt-effective will be made by the partiesinvolved.

5.4.4 Post Termination Monitoring

The Chem-Dyne Ste post termination monitoring plan provides an example of the verification of
continued “success’ of the P& T system after the operationd period. Water quaity anayses a onsite
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monitor wells and offsite compliance points will be conducted to confirm the completion of the remediation.
Monitoring will be performed for five years after termination as specified below.

The concentrations of total Priority Pollutant VOCs within and on the defined plume boundary will be
monitored for five years after P& T termination to verify that concentrations do not rebound. To determine
compliance with this criterion, water-quality data collected from monitor wells within the defined plume &t the
termination of the system will be satistically andyzed as follows (Papadopulos & Assoc., 1985):

(1) Themean vaue and Sandard deviation of totd VOC concentration from al wells within and on
the plume boundary at the time of P& T termination will be used as basdline conditions.

(2) Themean vaue and standard deviation of the totad VOC concentration will be determined for
each sampling event after termination.

(3) Satidtica testswill be performed to determineif the variance of each sampling event is Satidticaly
equd to the variance of the basdline value and if the basdine and sampling event data are
normaly distributed.

(4) If thevariances are equa and the data are normaly distributed, at-Test will be performed to
determine whether the mean vaue of the sampling event is significantly different from the basdine
mean & afive percent leve of sgnificance.

(5) If thevariances are not statisticaly equal and/or the data are not normally distributed, then an
appropriate satistical test will be used to determine whether the mean value of the sampling event
isggnificantly different from the basdine mean vadue a afive percent levd of sgnificance.

(6) If the mean vaue from the sampling event is not Sgnificantly different from the basdine mean
vaue, the concentration of total VVOCs has been maintained effectively at or below the levels
reeched at the time of P& T termination.

(7) If aggnificant increase in the mean vaue is determined, a second round of sampling will be
conducted within 30 days of receipt of the laboratory results. If this second round of sampling
confirms the significant increase in the mean vaue, corrective action will be taken.

The concentrations of total Priority Pollutant VOCs at offste compliance points will also be monitored

for five years after P& T termination to verify that concentrations at receptors are not above the water quality
criteria
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